Optical second-harmonic generation (SHG) of purely magnetic origin has been observed in thin films of Lu3-x "Bix"Fe5-y Gay O12 grown on (100) oriented gadolinium gallium garnet (GGG) substrates for the purpose of magneto-optical imaging. The films have in-plane magnetization, and when studied in transmission at normal incidence all relevant elements of the crystallographic part of the second order non-linear optical susceptibility tensor vanish identically, while a magnetization-induced contribution remains. The observed rotational anisotropy SHG signal in a transverse magnetic field is demonstrated to be indeed of purely magnetic origin, and can be switched off by applying a polar magnetic field.
Introduction
Ferrimagnetic garnets constitute an interesting group of transparent magnetic materials with large linear magneto-optical (MO) effects that make them very attractive for technological applications 1). They can accept a wide range of dopants which alter their properties in various ways, and were therefore studied extensively over the past 50 years.1), 2) Recently, garnets have been used as model systems for both theoretical and experimental studies of nonlinear magneto-optical effects,3)-5) demonstrating the appearance of new nonlinear effects that have no linear MO counterparts.5) In the electric dipole approximation nonlinear optical effects of even order, such as secondharmonic generation (SHG), are forbidden in the bulk of centrosymmetric media but are allowed at interfaces where the centrosymmetry is lifted.6) As magneto-optical effects arise due to the breaking of time reversal symmetry by a spontaneous or induced magnetization, nonlinear MO effects occur in media where the time reversal and space inversion symmetry are broken simultaneously. This has caused magnetization-induced second-harmonic generation (MSHG) to become an important tool for studying surfaces and buried interfaces of magnetic materials.7)-11)
Magnetic field dependence of the SHG in garnet films was observed already in 199012), but was then erroneously attributed to linear MO effects. Later, a detailed analysis of MSHG in garnet films of different classes of symmetry was given by Pisarev et al3). and Gridnev et al.4) Also films grown on the (100) orientation of GGG substrates were analyzed but the experimental data are sparse.5) In this paper we demonstrate that the SHG observed for garnet films with in-plane magnetization, grown for the purpose of MO imaging by liquid phase epitaxy on (100) oriented substrates, is of purely magnetic origin. Furthermore, the strong optical absorption of the garnet films at the secondharmonic (SH) frequency allows for the surface and interface regions of the film to be studied separately. We have found that the film surface and interface signals clearly differ, and discuss the implications of this. We also demonstrate that the SHG signal from such films can easily be switched off using a polar magnetic field.
Theory
The induced polarization P in a medium due to an incident electromagnetic wave E can be written in the electric dipole approximation as an expansion in powers of the electric field of the incident wave:
The coefficients x(n) are the frequency dependent electric susceptibilities of order n. The first order susceptibility gives rise to the linear optical response, while the higher order terms give rise to non-linear optical effects that become observable for strong incident fields.
In Bulk garnet crystals have cubic symmetry and are centrosymmetric, thereby limiting any SHG to a very thin region near the surface or interface where the space inversion symmetry is broken. In thin garnet films , however, the inversion symmetry appears to be brokee4), 5) due to what might be a growth induced distortion of the symmetry along the direction of growth. This reduces the symmetry of our thin film to the tetragonal 4mm point group, and allows for crystallographic bulk contributions to the SHG. In the presence of a magnetization that causes breaking of the time-inversion symmetry, also magnetization-induced contributions from the bulk will be allowed. interface SHG should be the same. The fact that they were not may be explained by the different local environment.
At the interface there is likely to be some strain due to lattice mismatch between film and substrate, which may have relaxed at the surface. In addition there could be gradients in the composition of the film, i.e. growth induced anisotropy. This is shown in Fig. 3 incident from the film surface side.
Conclusions
We have observed purely magnetization-induced SHG in thin garnet films grown on (100) oriented GGG substrates. The magnetic origin of the signal was confirmed by studying the SHG rotational anisotropy in a transverse magnetic field and by simply switching off the SHG in a polar magnetic field. The results fit well with the predictions of electromagnetic theory in the electric dipole approximation for crystals of point group symmetry 4mm .
Studies of SHG in a polar magnetic field revealed that the magnetization at the film surface and interface saturates in the out-of-plane direction at different strengths of the applied field. We conclude that the anisotropy leading to easy magnetization of the in-plane type is stronger at the interface than at the surface.
